genomes. CoVs cause a broad range of diseases in animals and humans, ranging from the common 48 cold to severe acute respiratory syndrome (SARS) [1] . Amongst CoVs of medical importance with 49 high mortality rates and pandemic potential are SARS-CoV and MERS-CoV, both members of the 50 with RNASeq, to determine the corresponding transcriptome, RiboSeq has been used to elucidate 77 changes in translation, transcription and translation efficiency in viral and host gene expression 78 during the course of infection [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . 79 80 Here, we use RiboSeq and parallel RNASeq to analyse global changes in the host translatome and 81 transcriptome throughout a time course of CoV infection. We observe activation of different 82 pathways of the UPR leading to eIF2α phosphorylation and translational shut-off at the level of 83 initiation which we confirm by polysome profiling. Surprisingly, a pharmacological inhibitor of the 84 UPR was found to mildly attenuate virus replication, suggesting that MHV may subvert the UPR to 85 its own advantage. This detailed analysis of cellular translation during MHV infection provides new 86 insights into the mechanism of CoV translational shut-off and the complex interactions between 87 virus and host during infection, and may aid the identification of new targets for antiviral 88 intervention. 89 90 Results: 91 92
Effects of MHV-A59 infection on cellular gene expression 93
To survey genome-wide changes in host translation and transcription during CoV-infection, murine 94 17 clone 1 cells (17Cl-1) were infected with recombinant MHV-A59 at a multiplicity of infection 95 (MOI) of 10. Two independent biological replicates of infected and mock-infected cells were 96 harvested at 5 hours post-infection (h p.i.) and one replicate at 8 h p.i. Lysates were subjected to 97 ribosome profiling and parallel RNASeq. In ribosome profiling, infected cell lysates are treated 98 with RNase I and 28-32 nt long ribosome-protected fragments (RPFs) purified and processed for 99 high-throughput sequencing. The resultant reads are mapped onto viral and host genomes, allowing 100 the positions of translating ribosomes to be determined at sub-codon resolution. We found that a 101 commonly-included additional step, in which cells are incubated with cycloheximide (CHX) before 102 lysis, caused stress-induced accumulation of ribosomes at the 5´ end of coding regions (CDSs; 103 [16] ). In this work, therefore, cells were not pretreated with CHX and were snap-frozen before lysis, 104 which avoids this artefact ( Supplementary Figure 1, [20] ). 105 106 107
Effects of MHV-A59 infection on cellular transcription 108
To assess the effects of MHV infection on cellular transcript abundance at 5 h p.i., differential 109 expression analysis was performed on two biological replicates with DESeq2 [21] . Between 110 infected and mock-infected conditions, genes with a fold change ≥ 2 and a false discovery rate 111 (FDR)-corrected p value of ≤ 0.05 were considered to be significantly differentially transcribed ( Fig  112   1A , Supplementary Table 1 ). Some of the most differentially transcribed cellular genes (ochre 113 points) are related to the host translational apparatus: Rplp1 -a ribosomal protein from the large 114 subunit; Eef1a1 -eukaryotic elongation factor 1A-1; Rps21 -a ribosomal protein from the small 115 subunit; Eif3f -eukaryotic initiation factor 3 subunit F; Eif3j1 -eukaryotic initiation factor 3 116 subunit J; and Eif2b3. This is also reflected in the gene ontology (GO) term enrichment analysis 117 ( Fig 1B; full results in Supplementary Table 2) , which reveals that all GO terms enriched in the list 118 of genes significantly transcriptionally down-regulated in infection were related to protein synthesis 119 (blue points). 120 121 Several transcription-related genes were found to be transcriptionally up-regulated, for example 122 Polr2a, the gene coding for the largest subunit of RNA polymerase II ( Fig 1A) . GO terms related to 123 transcription, for example "transcription by RNAPII" (GO:0006366), are also enriched in the up-124 regulated genes list. Many histones feature in the transcriptionally up-regulated gene list and, as 125 such, many histone-related GO terms are enriched in this list ( Fig. 1B) . Significantly, the GO term 126 "response to unfolded protein" (GO:0006986) is enriched 4.85-fold in the list of genes 127 transcriptionally up-regulated during infection (p=0.046, FDR-adjusted p-value), with similar fold 128 changes observed for "response to topologically incorrect protein" (GO:0035966; 4.31-fold 129 enrichment; p=0.046) ( Supplementary Table 2 ) and "response to endoplasmic reticulum stress" 130 (GO:0034976; 3.8-fold enrichment; p=0.012) (Fig 1B -note that these terms are clustered within  131 the "response to unfolded protein" GO term). Accordingly, some of the most differentially 132 expressed genes were involved in the UPR such as Herpud1 -homocysteine inducible ER protein 133 with ubiquitin like domain 1; Bip -immunoglobulin heavy chain-binding protein; Chac1 -134 glutathione-specific gamma-glutamylcyclotransferase 1; Chop -a C/EBP family transcription factor 135 involved in the ER stress response, and Xbp1 -X-Box Binding Protein 1 ( Fig 1A) . As the 136 replication cycle of CoVs is known to be intimately linked to the ER, and previous studies have 137 used different techniques to infer information about how CoV infection affects different branches of 138 the UPR, we decided to focus on this area. 139
140
To validate changes in the transcript abundance of these genes, total RNA was extracted from three 141 biological replicates of MHV-infected and mock-infected cells at 5 h p.i. and the levels of selected 1C) whereas there was a little more variation in the down-regulated transcripts, which may be partly 147 explained by the observation that Rpl19 itself was slightly, though not statistically significantly, 148 down-regulated (log 2 (fold change) = -0.34, p=0.37) (Fig 1A, yellow) . 149 150
Effects of MHV-A59 infection on cellular translation 151
CoVs induce host translational shut-off [24-29] although the mechanisms are not completely 152 understood. We reasoned that some host genes may be resistant to virus-induced shut-off and that 153 identifying such genes might give new insights into the shut-off mechanism(s). To evaluate 154 differences at the level of translation as a result of MHV infection, we calculated relative translation 155 efficiencies (TE) -defined herein as the ratio of ribosome-protected-fragment (RPF) and total RNA 156 density in the CDS of a given gene -at 5 h p.i. using Xtail [30], applying the same fold change and 157 p-value thresholds as for the transcription analysis. As shown in Fig 2A, several of the 158 translationally up-regulated genes encode key proteins involved in activation of the UPR, for 159 example ATF4 (activating transcription factor 4), ATF5 (activating transcription factor 5) and 160 CHOP (DDIT3/GADD153) which are effector transcription factors [31] [32] [33] [34] [35] [36] . GADD34 161 (MYD116/PPP1R15A), a protein that acts as a negative regulator to diminish UPR activation if 162 persistent for a long time [37, 38] , is also translationally up-regulated. 163 164 Phosphorylation of eukaryotic initiation factor (eIF) 2α is a well-known mechanism for translational 165 shut-off, and can also result from UPR activation, so we next investigated whether the mRNAs 166 found to be preferentially translated during MHV infection were enriched for genes resistant to 167 translational repression by phosphorylated eIF2α (p-eIF2α). This is not an existing GO term but, Although several studies [27, [46] [47] [48] have aimed to establish how each of the three UPR sensor 200 pathways may be involved during CoV infection, we wanted to take advantage of the data that 201 ribosome profiling provides to carry out a comprehensive analysis of specific arm of the UPR 202 response during MHV infection. In the mouse gene ontology database, the GO categories for each 203 of the three specific branches of the UPR activation, are too small for meaningful inclusion in the 204 enrichment analysis, probably due to incomplete annotation of these pathways in Mus musculus. In 205 order to analyse enrichment of UPR-related functions more thoroughly, lists of significantly 206 differentially expressed genes were mapped to human orthologues and used for Reactome pathway 207 enrichment analysis [49] . In this analysis, UPR (R-HSA-381119) was the most significantly 208 enriched pathway attributed to transcriptionally up-regulated genes, with the ATF6 branch (R-HSA-209 381183) second, and the other two branches (PERK-ATF4 and IRE1α: R-HSA-380994 and R-210 HSA-381070) further down the list ( Supplementary Table 3 ). incubated with tunicamycin, using specific primers flanking the Xbp-1 splice site ( Fig 3A) . At all 222 timepoints, Xbp-1u was the predominant form in mock-infected cells whereas Xbp-1s was the major 223 species in tunicamycin-treated cells. In virus-infected cells, Xbp-1u was predominant at 2.5 h p.i. 224
but Xbp-1s became predominant at 5 h p.i.. An apparent reduction of RNA levels of Xbp-1 and 225
Rpl19 can be seen at 8 and 10 h p.i. but this is likely due to the fact that RT reactions were carried 226 out using a consistent amount of total RNA as starting material but, at these timepoints, viral RNA 227 comprises approximately 80% of the total RNA in the cell [16] . In order to analyse translation of 228
Xbp-1u and Xbp-1s in virus-infected cells, we inspected the ribosome profiling data ( Fig 3B) . For 229 GSK-2606414 (PERKi) is a potent and selective high affinity ligand of the PERK kinase, that 310 interferes with kinase activity by competing for ATP [56, 57] . In MHV-infected 17 Cl-1 cells at 5 311 and 8 h p.i., the drug prevented autophosphorylation of PERK ( Fig 6A, lower panel) and 312 phosphorylation of the PERK substrate, eIF2α, in a dose-dependent manner (Fig 6A, upper panel) , 313 effectively blocking this branch of the UPR. Pulse labelling of infected cells for one hour at 5 h p.i. 314 revealed, as expected, that prevention of eIF2α phosphorylation increased modestly both viral (Fig  315   6A ) and host protein synthesis ( Fig 6B) , without effect on mock-infected cells ( Fig 6B) . Also, 316 analytical polysome profiling of MHV-infected cells treated with 5 μM of the PERKi for 5 h (Fig  317   6C ) revealed a decrease in the accumulation of monosomes (80S) compared to MHV-infected cells 318 at 5 h p.i. (Fig 5A, middle panel) showing a relief in translation inhibition. Despite the increased 319 virus protein synthesis, 17 Cl-1 cell monolayers infected with MHV-A59 in the presence of the 320 PERK inhibitor remarkably showed delayed formation of syncytia in comparison to untreated cells 321 at 8 h p.i. (Fig 6D) . The quantification of released virions through TCID 50 assays revealed an ~four-322 fold reduction in virus titre in cells incubated with PERKi compared to control cells (P= 0.0093; Fig  323   6E , left panel) whereas there was no difference in the quantification of intra-and extracellular 324 virions in treated versus non-treated cells (Fig 6E, right panel) . These observations suggest that 325 relieving inhibition of protein synthesis -affecting both cellular and viral proteins -is detrimental 326 to virus production and the development of syncytia in virus-infected cells. 327 328 Furthermore, we investigated how PERKi was affecting the different pathways of the UPR as a 329 response to MHV infection. We monitored BiP at 5 h p.i. with different PERKi concentrations by 330 qRT-PCR in three biological replicates. The ratio of BiP transcription to the house-keeping gene 331
MHV-infected cells (MHV RiboSeq panels) and tunicamycin-treated cells (RiboSeq
Rpl19 was only slightly increased at the highest PERKi concentrations (Fig 6F, upper panel) . 332
Determination of Xbp-1 splicing was carried out as earlier in MHV-infected cells at 5 h p.i. and 333 treated with different PERKi concentration. Xbp-1u was the predominant form in mock-infected 334 cells whereas Xbp-1s was the major species in MHV-infected cells in all cases (Fig 6F, lower  335 panel). These data indicate that the PERKi was very specific in inhibiting the PERK-eIF2α activity 336 but not the other branches of the UPR. 337 (with fewer than ten counts from all samples combined) were discarded, following which read 498 counts were normalised by the total number of reads mapping to host mRNA for that library. This 499 1 means the very large amount of vRNA present in infected samples should not affect the analyses. 500
Shrinkage of the transcriptional fold changes to reduce noise in lowly-expressed genes was applied 501 using lfcShrink (parameter: type='normal'). 502 503 A given gene was considered to be differentially expressed if the FDR was less than 0.05 and the 504 fold change between the averages of infected and mock replicates was greater than two. Volcano 505 plots and transcription vs TE comparison plots were generated using standard R plotting features 506 and FDR and log 2 (fold change) values from the DESeq2 and Xtail analyses. All reported p values 507 are corrected for multiple testing, though it's important to note the fold changes plotted in the 508 transcription vs TE comparison are not filtered for significant p values before plotting. 509
510
To make the plots of RNASeq and RPF profiles for specific transcripts, reads were mapped to the 511 specified transcript from the NCBI genome assembly using bowtie [82] allowing two mismatches 512 (parameters: -v 2, --best). Coordinates for known uORFs were taken from the literature and the 513 positions of start and stop codons in all frames determined. Read density (normalised by total reads 514 mapping to host mRNA for each library, to give reads per million mapped reads) was calculated at 515 each nucleotide on the transcript and plotted, according to phase. Read positions were offset by +12 516 nt so that plotted data represent the position of the ribosomal P site. Bar widths were increased to 517 4nt to aid visibility and were plotted on top of each other starting from the 5' end of the transcript. inhibitors (ThermoFisher Scientific). Following trituration with a 26-G needle (ten passes), lysates 563 were cleared (13,000 g at 4 ºC for 20 min) and the supernatants layered onto 12 mL sucrose density 564 gradients (10-50% sucrose in TMK buffer -20 mM Tris-HCl pH 7.5, 100 mM KCl, 5 mM MgCl 2 ) 565 prepared in Beckman SW41 polypropylene tubes using a Gradient Master (Biocomp). Following 566 centrifugation (200,000 g for 90 min at 4 ºC), fractions were prepared using an ISCO fractionator 567 monitoring absorbance at 254 nm. Proteins were concentrated from fractions using methanol-568 chloroform extraction [84] and subjected to immunoblotting analysis. Polysome profiling in higher 569 salt conditions was carried out as described above except that the lysis buffer and sucrose density 570 gradient contained 400 mM KCl. 571 
